Austenitic stainless steels are extensively used in widespread industrial and technological applications due to their good corrosion resistance combined with their relatively high strength, toughness, and stiffness. 1, 2 In particular, stainless steel is employed as structural material to manufacture turbine blades or bridges and also in nuclear power plants to construct pipes through which pressurized water flows at high temperature. It is well known that when stress is applied to austenitic stainless steel, a phase transformation from the face-centered cubic austenite to a body-centered tetragonal martensite phase occurs. 3, 4 The control of this transformation is of crucial importance for the safe operation of steel-based applications. Namely, the appearance of martensite can increase the overall mechanical hardness but sometimes this is accompanied with the formation of cracks. 5, 6 At room temperature, the austenite phase is paramagnetic, while it becomes antiferromagnetic below its Néel temperature, which is about 40 K. 7 Conversely, the stressinduced martensite phase is ferromagnetic, as it has been demonstrated by a number of different techniques. [8] [9] [10] [11] [12] Actually, these properties are being exploited to develop novel nondestructive methods, using magnetic measurements, to evaluate the degradation of austenitic steel. [13] [14] [15] However, in some cases, the formation of martensite is desirable. For example, subjecting austenitic stainless steel to mechanical attrition treatments leads to the formation of a continuous nanocrystalline surface of martensite phase, which can result in improved mechanical hardness. Magnetic measurements ͑e.g., Mössbauer spectroscopy͒ are used also in this case to explore the microstructure evolution during the surface treatment. 16 Hence, the majority of studies involving magnetic measurements in austenitic stainless steel are aimed at the detection of martensite, which in general is generated from austenite over large and/or uncontrolled areas. In this work, we use the stress-induced martensitic transformation to selectively generate, by means of nanoindentation, arrays of ferromagnetic structures, with micrometer and submicrometer sizes ͑at least in one of the lateral dimensions͒ at the surface of a nonmagnetic austenitic stainless steel. It should be noted that conventional methods for the fabrication of magnetic dots, such as electron beam lithography, nanoimprint onto capping resist layers, use of nanotemplates or shadow masks, chemical routes, scanning probe lithography, or irradiation damage are rather complex and typically involve multiple processing steps. 17 Conversely, the method we propose here for the preparation of arrays of magnetic structures is rather simple and it consists in a single step ͑i.e., the application of stress to generate local deformation͒.
The material used in the experiments is a commercial AISI 316 austenitic stainless steel. The steel piece was first cut into fine sheets and subsequently polished to mirrorlike appearance. To eliminate possible magnetic contributions created during the initial processing, the sheets were subsequently annealed for 30 min at 1400 K ͑which is above the reverse, martensite-to-austenite, phase transformation temperature 18 ͒ and cooled to room temperature. Arrays of 15ϫ 15 triangular indentations with lateral sizes in the micrometer and submicrometer ranges were prepared by means of a nanoindenter, operating in the load control mode and using a Berkovich-type, pyramidal-shaped, diamond tip. The indentation function consisted of a loading segment of 15 s, applying a maximum forces of 0.75, 2.5, and 9 mN; a load holding segment of 10 s and an unloading segment of 15 s. Arrays of lines ͑80 m long͒ were prepared by scratching, i.e., dragging the indenter tip at a constant force of 3.5 and 5 mN and at a rate of 10 m / s. The overall phase composition of the samples was determined by x-ray diffraction. The morphology of the locally deformed regions was examined by scanning electron microscopy ͑SEM͒ and atomic force microscopy ͑AFM͒. Hysteresis loops of the deformed and undeformed areas were recorded at 6 Hz, using a magnetooptical Kerr effect ͑MOKE͒ setup, with a maximum in-plane applied field of 700 Oe. Hysteresis loops were recorded along different in-plane angles to analyze possible effects from magnetic anisotropies. Magnetic force microscopy ͑MFM͒ imaging was used to check the local character of the induced ferromagnetism and to probe possible domain patterns within the indented regions.
Shown in Fig. 1͑a͒ is a scanning electron microscopy image of the array of indentations obtained on the steel sheet after applying a maximum loading force of 0.75 mN. The indentations are roughly triangular due to the pyramidal shape of the indenter ͓as it is also evident from the atomic force microscopy image shown in the upper panel of Fig.  2͑a͒ , corresponding to an applied force of 9 mN͔. A slight deformation just around each indentation is also observed. For loads of 0.75, 2.5, and 9 mN the lateral dimensions of the indentations are approximately 400 nm, 1 m, and 2.8 m, respectively. More complex patterns, e.g., lines, can be easily formed by simply dragging the indenter tip onto the surface of the austenitic steel. Two arrays of lines with widths of 1.8 and 2.3 m are shown in Fig. 1͑b͒ ͑SEM͒ and the upper panel of Fig. 2͑b͒ ͑AFM͒, corresponding to applied forces of 3.5 and 5 mN, respectively. It should be noted that to enhance image contrast the sample was tilted by 30°dur-ing SEM imaging. The topological profile across the indented lines can be easily seen in the AFM image. Furthermore, from the dependence of the displacement into the sample on the applied force ͑not shown͒ an average hardness of 2.7 GPa and a reduced elastic modulus of 220 GPa are obtained, which are values typical for austenitic stainless steel. 19 Figure 3͑a͒ reveals that when the MOKE measurement is carried out after cutting and polishing the austenitic steel pieces, a clear ferromagnetic hysteresis loop with a coercivity H C = 35 Oe is measured, which indicates that the initial processing ͑i.e., cutting and polishing͒ already induces a partial transformation from austenite to martensite. This was confirmed by x-ray diffraction ͑not shown͒. The subsequent annealing of the steel at 1400 K completely transforms the martensite back to austenite ͑as confirmed by x-ray diffraction͒. Moreover, after annealing, when MOKE measurements are performed away from the arrays of indentations ͑i.e., undeformed material͒, a straight line is obtained ͓see Fig.  3͑a͔͒ , which is characteristic of a paramagnetic material, as it corresponds to the austenite at room temperature. Note that the MOKE signal represents the change in the angle of polarization of the light as a function of the applied magnetic field and it is proportional to the magnetization of the sample, although quantitative determination of the sample magnetization is not possible by MOKE.
When MOKE measurements are carried out in the indented regions hysteresis loops typical of ferromagnetic behavior are recovered, indicating that nanoindentation is in- deed a versatile tool to controllably induce ferromagnetism at small length scales in austenitic stainless steel. From the hysteresis loop corresponding to the array of 400 nm ͓see Fig. 3͑b͔͒ a coercivity value H C = 150 Oe is obtained, which represents about a fourfold increase with respect to H C measured after cutting and polishing the austenitic steel piece ͑i.e., before annealing͒. This large H C may be due to the physical constraints that the reduced sizes of the indented regions impose on the propagation of magnetic domains. 17, 20 No variations in H C are observed when varying the in-plane angle of measurement. Moreover, a linear background is still observed since, although focused down to a few micron spot, the MOKE measurement probes not only the locally deformed ͑i.e., ferromagnetic͒ regions but also the paramagnetic surrounding austenite. Similar coercivity values, again without angular dependence, are obtained for the other arrays of triangular indentations. Conversely, for the arrays of lines, the coercivity is found to be dependent on the direction of the measurement. For example, for the array of 1.8 m wide lines, the coercivity evaluated from the loop recorded along the direction of the lines ͓Fig. 3͑c͔͒ is H C = 160 Oe and it increases progressively as the angle of measurement approaches 90°from the direction of the lines ͓see Fig. 3͑d͔͒ , reaching a maximum value of 560 Oe. These results may be interpreted as being due to the competition between magnetostatic energy ͑which, for the relatively large thickness of the lines, favors magnetization reversal via curling mechanisms or formation of multidomain states͒ and anisotropy energy. [20] [21] [22] To further assess the local character of the generated ferromagnetism, the indented samples were imaged by MFM. The MFM images, with the corresponding AFM images, of the array of triangular indentations with 2.8 m lateral size and a portion of lines ͑2.3 m wide͒ are shown in Figs. 2͑a͒ and 2͑b͒, respectively. Dark and bright areas are observed by MFM inside the triangular indentations and a slight contrast is observed in the deformed material surrounding each indentation. As expected, no magnetic contrast was observed in the regions located outside the array of indentations. As can be seen in Fig. 2͑b͒ , some fringes can be observed both inside and between the lines ͑also because the scratch experiments deform, to some extent, the material surrounding the lines͒. The fact that the MFM images indeed correspond to magnetic ͑and not simply topological͒ contrast can be confirmed by plotting line scans across the AFM and MFM images. As shown in Figs. 2͑c͒ and 2͑d͒ the topological ͑from AFM͒ and magnetic ͑from MFM͒ profiles do not coincide, thus the MFM images are indeed representative of the multidomain structure inside the indentations. Nevertheless, these images are not straightforward to interpret because the surfaces are not flat and, therefore, both in-plane and out-of-plane magnetization components probably coexist. However, MFM clearly confirms that ferromagnetism is locally induced by the nanoindentation experiments.
The indented austenitic steel sheet was finally annealed again at 1400 K. This process resulted in a MOKE signal without hysteresis, resembling the straight line shown in Fig.   3͑a͒ . Namely, the magnetic information was erased.
The process of selectively and locally inducing ferromagnetism in a nonmagnetic stainless steel could, in principle, be also performed by means of other deformation techniques, such as friction experiments or by imprinting, in parallel, a previously designed mold. Hence, this microstructuration technique could have a varied range of applications, including recording media or magnetic sensors.
In summary, we demonstrate that by means of nanoindentation experiments it is possible to fabricate, in a controlled manner, periodic arrays of micrometric and submicrometric magnetic structures at the surface of nonmagnetic stainless steel. This method is based on the mechanically induced martensitic phase transformation that occurs in austenitic steel. The induced ferromagnetism can be erased by subsequently subjecting the locally deformed sheets to annealing processes at temperatures high enough to transform the martensite back to austenite.
